We experimentally achieve quality factors as high as 4.9 × 10 5 based on these resonances in the telecommunication regime, which is 12-times higher than ordinary designs.
Topological defects 7 are ubiquitous in nature. Examples range from quantum vortices in superfluids to singular optical beams 8 , which are characterized by the non-trivial winding patterns of system parameters (velocity, phase, or polarization) in real space. Recently it is found that unexpected topological defects can also emerge in the momentum space of a crystal and give rise to interesting physical consequences: one such example is the optical bound states in the continuum (BICs). BICs reside inside the continuous spectrum of extended states, yet, defying the common intuition, remain perfectly localized in space and their lifetimes are supposed to be infinitely long.
Since their initial proposal 9 , BICs have been observed in a variety of wave systems, including photonic [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , phononic 22 , and water waves 23 . In photonic crystal (PhC) slabs, their fundamental nature has been identified to be topological: they are essentially topological defects of polarization directions defined in the momentum space 6 . In practice 12, 24 , the Qs of BICs often fall much shorter of their theoretical prediction of infinity, limited to only about 1 × 10 4 . Aside from other contributing factors such as material absorption or the finite size of the samples, the main limiting factor of the Q of BICs comes from out-of-plane scattering losses from fabrication imperfections or disorder -a common problem shared among many high-Q on-chip resonators 1, 2, 4, 5, 25 .
Here we theoretically propose and experimentally demonstrate on-chip photonic resonances that are much less susceptible to out-of-plane scattering losses than usual due to their unique topo- (Fig. 1a) , where a square lattice (periodicity a = 519.25 nm) of circular air holes (radius r = 175 nm) is patterned in a silicon layer (thickness of h = 600 nm) placed in the air. Through numerical simulations (COMSOL Multiphysics), we focus on the lowest TE-like band in the continuum (TE-A, red line) whose lifetime goes to infinity at 9 discrete k points as 9 BICs (top left panel of in comparison, when there are also off-center BICs at ±k BIC , 1/Q becomes proportional to
In the merging-BIC design, k BIC = 0 and we get 1/Q ∝ k 6 . This different scaling is similar to some of the recent findings [32] [33] [34] Fig. 1 . The highest Q observed on the merging-BIC sample is 4.9 × 10 5 at point W (Fig. 4b) . In comparison, the highest Q observed on the isolated-BIC sample, fabricated on the same wafer through the same processes only with different structural parameters, is limited to only 4 × 10 4 -over an order of magnitude lower (Fig. 4c) . This confirms our simulation results in Fig. 2 that engineering the topological configurations of BICs can significantly suppress scattering losses.
Furthermore, this over-ten-fold enhancement of quality factor is observed to be robust: not only does it appear over a wide range in the k space as shown in Fig. 5 , similar level of enhancements also appears in all merging-BIC samples we fabricated (see Supplementary Information Section VII for details).
Topological photonics [39] [40] [41] have found tremendous success in suppressing in-plane backscattering losses, often based on topological protections in non-reciprocal systems with broken time-reversal symmetry. Here, we focus on a different class of problems: to suppress the out-of-plane scattering losses in a reciprocal system using concepts from topology. By merging multiple topological charges carried by BICs, we experimentally demonstrate PhC resonances with recordhigh quality factors of Q = 4.9 × 10 5 , over an order of magnitude higher than ordinary designs.
These ultra-high-Q resonances are potentially useful for chemical or biological sensing 42, 43 , nonlinear generation 44 , and large-area laser applications 45 . Furthermore, governed by their topological nature, these high-Q resonances are observed to be robust against fabrication imperfections, which paves the way to improve the performance of optoelectronic devices using concepts from topological photonics. Finally, our fundamental concept of topological-defect engineering holds for general linear wave systems, ranging from photonics to acoustics and electronics.
Methods
Sample fabrication. The sample was fabricated on a silicon-on-insulator (SOI) wafer with ebeam lithography (EBL) followed by induced coupled plasma (ICP) etching. For EBL, the SOI wafer was spin-coated with a 330nm-thick layer of ZEP520A photo-resist before being exposed with EBL (JBX-6300FS) at beam current of 400 pA and field size of 500 µm. The sample was then etched with ICP (Oxford Plasmapro Estrelas 100) using a mixture of SF 6 and C 4 F 8 . After etching, the resist was removed with N-Methyl-2-pyrrolidone and the buried oxide layer was removed using 49% HF.
Measurement system. The incident light source was a tunable C-band telecommunication laser (Santec TSL-550), which was sent through a chopper for lock-in detection. A pin hole with diameter of 500 µm was placed on the Fourier plane to pick out desired wavevectors. Scattered light 8 through the pin hole was collected by a photo-diode (PDA10DT-EC), which was connected to a lock-in amplifier (SRS SR830). A flip mirror was used to switch between the camera that image iso-frequency contours and the photo-diode. Besides characterizing far-field radiation patterns, the setup could also take near-field images of the sample if another lens was inserted into the optical path. When sample periodicity a is tuned from 519.25nm to 580nm, 9 BICs with ±1 topological charges merge into an isolated one with charge +1. c, Plots of Q near the center of the BZ when charges just merge (red a=531.42nm) and long after they have merged (blue a=580nm). The merging sample (red) shows significantly higher Qs than the isolated sample due to a different scaling of Q ∝ 1/k to the isolated-BIC sample (purple) due to topological protection.
